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Introduction
============

Metazoan evolutionary emergence has depended not only on genetic complexity and developmentally regulated gene expression but also on the establishment of high-fidelity systems that coordinate accurate DNA replication with appropriate chromatin assembly. DNA replication and histone protein synthesis are essential, finely balanced S phase events. Disturbances result in misregulation of gene expression, cell cycle arrest, and chromosome instability, which result in developmental failure ([@bib26]; [@bib17]; [@bib41]).

Eukaryotic DNA synthesis is governed by active replication origin numbers together with an intrinsic catalytic rate operating at a replication fork; this, in turn, creates specific demands for timely delivery of additional components, such as histones, required for chromatin assembly. DNA and histone synthesis are coupled. DNA synthesis inhibition causes rapid histone mRNA destabilization that results in histone synthesis shutdown ([@bib10]; [@bib18]), which raises the possibility that checkpoints regulate histone mRNA levels. Histone mRNA destabilization depends on a hairpin at the mRNA 3′ end ([@bib14]) that binds hairpin-binding protein (HBP)/stem-loop binding protein (SLBP; [@bib40]; [@bib24]; [@bib44]). Efficient histone mRNA destabilization also requires the RNA helicase UPF1 ([@bib20]).

Checkpoints control cell cycle timing after genomic insult ([@bib46]). DNA replication failure blocks further initiation from later-firing replication origins ([@bib30]), stabilizes arrested replisome components arising from previously fired origins ([@bib11]; [@bib13]) and also blocks entry into mitosis ([@bib31]). Checkpoints are also involved in histone and S phase coordination. Rad53 is required for degradation of excess histone protein not packaged into chromatin ([@bib15]) and plays a role in histone metabolism and chromatin assembly ([@bib12]; [@bib37]). Ataxia telangiectasia mutated (ATM)/ataxia telangiectasia and Rad3 related (ATR), which are phosphatidylinositol 3-kinase--like kinase (PIKK) family checkpoint kinases, respond to DNA damage. DNA double-strand breaks activate ATM and ATR is activated by aberrant DNA structures induced by UV light or DNA synthesis inhibitors ([@bib1]). Another PIKK, DNA-activated protein kinase (DNA-PK), is required for DNA double-strand break repair by nonhomologous end joining (NHEJ) and telomere maintenance. It is also required for ionizing radiation--induced down-regulation of histone H2B gene transcription, which reflects a potential role in a DNA damage response ([@bib34]). Chk1 and 2 are kinases activated by ATR/ATM with partially overlapping functions. Known Chk1 functions include prevention of premature mitosis ([@bib43]), activation of homologous recombination repair ([@bib38]), and, in metazoans, activation of the origin firing and replisome integrity checkpoint ([@bib13]; [@bib43]) operating downstream of ATR/ATM ([@bib11]).

Here, we investigated whether checkpoint components monitoring DNA replication, which effect the origin firing checkpoint, also control histone mRNA stability. DNA replication and histone mRNA stability are linked by two parallel and interdependent pathways, one sensitive to caffeine and the other to LY294002. It is likely that ATR is the mediator of the caffeine-sensitive pathway and our results argue strongly that DNA-PK is the LY294002-sensitive mediator. We show that DNA-PK is activated during replication stress and that it, together with a caffeine-sensitive protein, plays a critical role in the regulation of histone mRNA stability. Checkpoint regulation of histone mRNA decay occurring via either ATR or DNA-PK does not require either Chk1 or 2 activity. Our data are consistent with the notion that the cellular machinery controlling histone mRNA stability is a direct target of ATR and DNA-PK.

Results
=======

Caffeine abrogates the replication origin firing checkpoint and inhibits histone mRNA decay induced by replication stress in HeLa cells
---------------------------------------------------------------------------------------------------------------------------------------

Small molecule inhibitors of the ATR--Chk1 pathway, such as caffeine, abrogate an S phase checkpoint controlling replication origin firing in CHO cells ([@bib11]; [@bib13]), which are particularly amenable to protocols involving multiple cell cycle arrests. To investigate a potential linkage between known checkpoint pathways with a role in origin firing and the regulation of histone mRNA decay in response to replication stress, we investigated whether caffeine could abolish this checkpoint response in human cells amenable to analysis of histone mRNA decay.

Eukaryotic DNA replication takes place at discrete sites that may be visualized by pulse labeling cells with halogenated derivatives of deoxyuridine (dU; [@bib28]) and stained with labeled antibodies specific to each dU derivative ([@bib11]). The spatial pattern of replication sites reveals their temporal position within S phase, which allows the dynamics of groups of coordinately replicated chromosomal domains to be investigated.

To determine if abrogation of ATR function in HeLa cells arrested in S phase would allow the initiation of replication at later replicating sites, asynchronously growing cells were briefly pulse labeled with chlorodeoxyuridine (CldU) and either left untreated (mock treated) or treated with the DNA polymerase inhibitor aphidicolin (APH) for 6--24 h in the absence or presence of 5 mM caffeine. Afterward, cells were washed free of inhibitors, briefly pulse labeled with iododeoxyuridine (IdU), and then fixed and stained with anti-CldU ([Fig. 1 A](#fig1){ref-type="fig"}, green) or anti-IdU (red) antibodies.

![**Caffeine abrogates the replication checkpoint and inhibits histone mRNA decay induced by replication stress in HeLa cells.** (A) Caffeine abrogates the replication checkpoint. (top) Asynchronous HeLa cells were pulsed with CldU for 20 min and incubated without drugs (mock), in the presence of APH alone, or in the presence of both APH and caffeine. At different times (typically 6--24 h) after the CldU pulse, cells were washed free of drugs and pulsed with IdU for 20 min. CldU or IdU incorporation was visualized by immunofluorescence confocal microscopy. Data are single optical sections showing the initial CldU pulse (green) incorporated into an early replication pattern and, at times thereafter, IdU pulses (red) either colocalized (yellow) with the CldU pulse in the presence of APH or being incorporated into progressively later replication patterns in mock-treated cells and in cells where the replication checkpoint has been abrogated by caffeine addition. Bar, 10 μm. (middle) Graph summarizes typical data and shows the fraction of those cells with an early replication pattern at the first pulse proceeding into the indicated pattern (early, early/mid, mid, or late) visualized by the second pulse after each treatment. (bottom) Nocodazole-arrested HeLa cells were released into drug-free medium for 14 h. The cells were either mock treated (control) or treated with 5 mM caffeine alone (+caffeine) for 1 h before being treated for a further 2 h either with (+HU and +caffeine +HU) or without (control and +caffeine) HU to induce replication stress. Cell lysates were then immunoblotted for Chk1. (B) Caffeine inhibits histone mRNA decay. Asynchronous HeLa cells were treated with the indicated caffeine concentration or mock treated. After 1 h, 2 mM HU or water was added and incubation was continued for 30 min followed by isolation of RNA. RNA was analyzed by Northern blotting using probes detecting histone H2B mRNA, H3 mRNA, or GAPDH mRNA. Histone mRNA levels were standardized with respect to GAPDH mRNA levels and the graph shows histone mRNA levels in HU-treated cells expressed as a percentage of the level in untreated cells.](jcb1791385f01){#fig1}

Cells in early S phase at the time of the CldU pulse (with many sites of CldU incorporation distributed throughout euchromatin; [Fig. 1 A](#fig1){ref-type="fig"}, top left) initiated replication at mid--S phase replicating sites (identified by peripheral and perinucleolar staining in the IdU pulse) at 6 h and finally at late-replicating heterochromatin within 12 h ([Fig. 1 A](#fig1){ref-type="fig"}, mock). In APH-treated cells without added caffeine, IdU labeling largely colocalized with CldU at all times investigated, indicating that, as expected, there was no progression through S phase or initiation within later replicating domains under these conditions ([Fig. 1 A](#fig1){ref-type="fig"}, APH). In contrast, in cells treated with caffeine during exposure to APH, IdU was incorporated into progressively later-replicating domains and was accompanied by a lack of DNA synthesis from previously initiated sites ([Fig. 1 A](#fig1){ref-type="fig"}, APH + caffeine). Quantitation of data in [Fig. 1 A](#fig1){ref-type="fig"} indicates that caffeine abrogates the origin firing replication checkpoint in HeLa cells, albeit with slightly reduced kinetics of progression through S phase in comparison to untreated cells or compared with the same experiment in CHO cells ([@bib11]). Although the reason for this is unknown, it may be related to cell type differences in rates of recovery from replication arrest ([@bib19]). Immunoblotting of the ATR substrate Chk1 from cells treated with the replication inhibitor hydroxyurea (HU) was used to confirm ATR inhibition by 5 mM caffeine ([Fig.1 A](#fig1){ref-type="fig"}, bottom).

Treatment with either HU or APH also results in histone mRNA decay ([@bib4]; [@bib22]). To test if checkpoint components also regulate the stability of histone mRNA, we investigated caffeine\'s effect on replication stress--induced histone mRNA decay. Asynchronous HeLa cells were pretreated with a range of caffeine concentrations before HU addition. Subsequently, total RNA was isolated and analyzed by Northern blotting using probes that detect either histone H2B or H3 mRNA. As expected, HU addition alone initiated efficient destabilization of histone H2B and H3 mRNA, which, after 30 min, were reduced to ∼40% of control levels ([Fig. 1 B](#fig1){ref-type="fig"}, mock). Caffeine affected histone mRNA decay induced by replication stress. At a concentration where it inhibits ATR ([@bib16]) and the related PIKK ATM ([@bib6]) and abrogates the origin firing replication checkpoint ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib11]), caffeine partially inhibited histone mRNA decay induced by replication stress with ∼70% of histone mRNA remaining after 30-min exposure to HU. Inhibition of replication stress--induced histone mRNA decay by caffeine was dose dependent and, in the presence of 20 mM caffeine, 85--95% of histone mRNA remained after 30 min of HU treatment. These results indicate that destabilization of histone mRNA induced by replication stress is sensitive to the PIKK inhibitor caffeine and suggest that PIKKs may be involved in the control of histone mRNA stability.

Inhibition of ATR signaling does not interfere with replication stress--induced histone mRNA decay
--------------------------------------------------------------------------------------------------

To investigate a specific role for ATR in regulating histone mRNA decay, we tested cells (U2OS/kinase dead \[kd\] ATR) that conditionally overexpress a kd form of ATR (D2475A) that acts in a dominant-negative manner to block normal ATR function ([@bib27]). Control and doxycycline-treated cells overexpressing either kd-ATR or wild-type (wt) ATR were treated with HU for various times, total RNA was isolated, and histone H2A, H2B, and H3 mRNA levels were determined by Northern blotting ([Fig. 2 A](#fig2){ref-type="fig"}).

![**Inhibition of ATR signaling does not interfere with replication stress--induced histone mRNA decay.** (A) Time course of HU-induced decay of histone mRNA in cells expressing kd-ATR. Expression of wt-ATR or kd-ATR was either induced (+Dox) or not (−Dox) by treatment of U2OS/ATR and U2OS/kd-ATR cells with doxycycline. Cells were treated with 2 mM HU and RNA was isolated at indicated times after HU addition. Histone RNA was analyzed as in [Fig. 1](#fig1){ref-type="fig"}. Changes in histone H2A, H2B, and H3 mRNA levels were compared with the level at 0 min. (B) Inactivation of ATR signaling using cells expressing kd-ATR suppresses phosphorylation and activation of Chk1 in response to replication stress. Expression of kd-ATR was either induced (+kd-ATR) or not (−kd-ATR) by treatment of U2OS/kd-ATR cells with doxycycline or buffer. Cells were then treated with 50 μg/ml APH for 16 h to induce replication stress. Subsequently, cell lysates were subjected to a Chk1 immunoprecipitation kinase assay (top) or immunoblotted using Chk1 antibodies (bottom, anti--phospho-Ser345 and total Chk1 antibody). (C) Ablation of ATR by RNAi does not interfere with HU-induced histone mRNA decay. Asynchronous HeLa cells were transfected with siRNA targeting ATR, control siRNA 1 (targeting luciferase), control siRNA 2 (targeting a nonrelevant gene), or mock transfected. Cell lysates were immunoblotted for ATR and nucleolin (top). 32 h after transfection, cells were treated with or without 2 mM HU for 0, 20, or 60 min or left untreated for 60 min, and then lysed for RNA analysis (middle). Histone H3 mRNA levels were analyzed as in [Fig. 1](#fig1){ref-type="fig"}. Graph (bottom) shows changes in H3 mRNA levels compared with the level at 0 min. In parallel, cell lysates were immunoblotted for ATR (to confirm knockdown) and nucleolin (loading; left). Data are expressed as mean ± range for duplicate experiments.](jcb1791385f02){#fig2}

In the absence of overexpressed protein, the pattern of histone mRNA decay was the same for all histone variants tested and, as expected, HU addition resulted in rapid (\<60 min) destabilization of histone mRNA ([Fig. 2 A](#fig2){ref-type="fig"}). However, overexpression of kd-ATR (or wt-ATR) did not significantly affect either the rate or extent of decay of any of the histone mRNAs. Overexpression of kd-ATR in this cell line has been shown previously to interfere with ATR function. To confirm that kd-ATR overexpression did indeed interfere with ATR signaling, we determined the activity and phosphorylation state of Chk1 in response to replication stress. Chk1 phosphorylation and activation was completely suppressed in the presence of overexpressed kd-ATR but not wt-ATR ([Fig. 2 B](#fig2){ref-type="fig"}).

In an alternative approach, we used siRNA to deplete ATR in HeLa cells that had reduced ATR levels to ∼12% of control levels ([Fig. 2 C](#fig2){ref-type="fig"}, top). The rate and extent of histone H3 mRNA decay in ATR-depleted cells exposed to replication stress was almost identical to that in control or mock-treated cells ([Fig. 2 C](#fig2){ref-type="fig"}, middle and bottom). Collectively, the results in [Fig. 2](#fig2){ref-type="fig"} indicate that ATR is not functionally limiting for the rate or extent of histone mRNA decay induced by replication stress.

Replication stress--induced histone mRNA decay occurs efficiently in cells lacking ATM
--------------------------------------------------------------------------------------

ATM is also a caffeine-sensitive component of a DNA damage checkpoint ([@bib6]). To establish if ATM was necessary for replication stress--induced histone mRNA decay, we compared histone mRNA decay induced by replication stress in ATM null cells (AT221JE-T) transfected either with an empty vector or a vector encoding wt-ATM ([Fig. 3 A](#fig3){ref-type="fig"}). Histone H3 mRNA decay in these cells occurred with similar kinetics to decay in HeLa and U2OS cells. Reintroduction of ATM had no effect on either the rate or extent of replication stress--induced histone H3 mRNA decay, which indicates that ATM, like ATR, is not functionally limiting for the rate or extent of histone mRNA decay induced by replication stress.

![**Replication stress induces efficient, caffeine-sensitive histone mRNA decay in cells lacking ATM.** (A) ATM is not required for histone mRNA decay induced by replication stress. AT22IJE-T/pEBS (AT/pEBS) cells lacking ATM and AT22IJE-T/pEBS-YZ5 (AT/pEBS-YZ5) cells complemented with ATM were treated with 2 mM HU for the times indicated, and RNA was isolated and analyzed by Northern blotting as in [Fig. 1](#fig1){ref-type="fig"}. Histone H3 mRNA levels were normalized to GAPDH mRNA levels and compared with the level at 0 min. (B) Caffeine inhibits histone mRNA decay in AT cells. AT/pEBS cells were treated with caffeine or mock treated. After 1 h, 2 mM HU or water was added and cells were incubated for the indicated times before RNA isolation and analysis. Graph shows changes in histone H2B and H3 mRNA levels compared with the level at 0 min.](jcb1791385f03){#fig3}

The kinetics of mRNA decay induced by replication stress in ATM null cells is altered by caffeine but not ATR depletion
-----------------------------------------------------------------------------------------------------------------------

To test if ATM and ATR are functionally redundant, we first depleted ATR in ATM null cells using siRNA as in [Fig. 2](#fig2){ref-type="fig"}. Western blotting analysis confirmed that the level of ATR protein was reduced at least fivefold using this approach (Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200708106/DC1>). Depleting ATR to this extent results in a significant loss of replication checkpoint function ([@bib8]; unpublished data). The rate and extent of replication stress--induced histone mRNA decay in these ATR-depleted ATM null cells was indistinguishable from that in control siRNA-treated cells, indicating that the absence of any effect of ATR ablation by siRNA on histone mRNA levels ([Fig. 2 C](#fig2){ref-type="fig"}) was not caused by redundancy between ATR and ATM and suggesting that if ATR plays an essential role in regulating histone mRNA abundance, these much-reduced levels of ATR are sufficient for this function in an ATM null background.

In an alternative approach to the question of ATR/ATM redundancy, we investigated the effects of adding caffeine to ATM null cells. ATM null cells were pretreated for 1 h with 5 mM caffeine before the induction of replication stress with HU. Interestingly, histone mRNA decay was inhibited by caffeine for up to 20 min after HU addition. Subsequently, decay resumed at a rate approximating that observed in mock-treated cells exposed to HU ([Fig. 3 B](#fig3){ref-type="fig"}). These data indicate that ATM null cells retain a caffeine-sensitive component that, when inhibited, results in reduced efficiency of histone mRNA destabilization during replication stress. Collectively with the data in Fig. S1, this suggests formally that either ATR may not be the only other caffeine-sensitive component or that the differences inherent in alternative approaches to inactivate ATR (instantaneous inhibition by caffeine compared with siRNA-induced ATR knockdown over 12--48 h) ultimately result in different kinetics of replication stress--induced histone mRNA destabilization.

The general PIKK family inhibitor wortmannin affects the efficiency of replication stress--induced histone mRNA decay
---------------------------------------------------------------------------------------------------------------------

Our data using caffeine, a reversible inhibitor of a relevant protein kinase family, albeit at high concentration, implicated PIKKs in regulating the efficiency of histone mRNA decay after replication stress. To obtain additional evidence for such a role and identify at a molecular level the relevant target proteins, we investigated the effects of wortmannin and determined its effect on histone H2B and H3 mRNA decay. Wortmannin brings about the inhibition of PIKK family members by covalent inactivation. Although pretreatment with 3 or 30 μM wortmannin had little or no effect, 100 μM wortmannin significantly inhibited histone mRNA decay occurring during the first 30 min after HU addition ([Fig. 4 A](#fig4){ref-type="fig"}). To determine the kinetics of replication stress--induced histone mRNA decay, with or without wortmannin, histone mRNA H3, and H2B mRNA levels were measured 25 and 50 min after HU addition ([Fig. 4 B](#fig4){ref-type="fig"}). Normal histone mRNA decay was observed in mock-treated cells. Interestingly, histone mRNA decay was inhibited by 100 μM wortmannin for up to 25 min after HU addition. Subsequently, decay resumed at a rate approximating that observed in mock-treated cells exposed to HU. These data suggest that PIKK family members do play a role in controlling histone mRNA decay and that they modulate the kinetics of this process by delaying the onset of replication stress--induced histone mRNA decay.

![**Wortmannin induces a delay in replication stress--induced histone mRNA decay.** (A) Concentration dependence of delay in histone mRNA decay induced by wortmannin. Asynchronous HeLa cells were treated with the indicated concentration of wortmannin or mock treated with DMSO. After 1 h, cells were treated with or without 2 mM HU and RNA was isolated after a further 30 min for analysis by Northern blotting. Histogram shows histone mRNA levels in HU-treated cells compared with levels in corresponding non--HU-treated cells. (B) Kinetic analysis of delay on histone mRNA decay induced by wortmannin. Asynchronous HeLa cells were treated with 100 μM wortmannin or mock treated with DMSO. After 1 h, cells were treated with or without 2 mM HU. RNA was isolated at the indicated times after HU addition and isolated from untreated cells after 50 min. Graph shows the changes in histone mRNA levels compared with the level at 0 min.](jcb1791385f04){#fig4}

DNA-PK is a component of the checkpoint mechanism sensing replication stress and controlling histone mRNA stability
-------------------------------------------------------------------------------------------------------------------

Exposing cells to replication stress results in activation of Chk1 and 2 ([@bib13]). Activation of Chk1 is believed to be dependent on its phosphorylation by ATR ([Fig. 2 B](#fig2){ref-type="fig"}; [@bib1]), whereas the activation of Chk2 occurs independently of both ATR (not depicted) and ATM ([@bib13]). To investigate more fully the effects of PIKK family inhibitors, we tested the effects of caffeine ([Fig. 5 A](#fig5){ref-type="fig"}) on replication stress--induced activation of Chk2 in HeLa cells. Interestingly, although caffeine abolishes replication stress--induced activation of Chk1 (not depicted; [@bib13]), the presence of caffeine in cells experiencing replication stress resulted in a progressive increase in Chk2 phosphorylation and activation ([Fig. 5](#fig5){ref-type="fig"}) that was independent of ATM (not depicted). To investigate whether another PIKK could be responsible for the activation of Chk2 in response to replication stress, we examined the Chk2 response to caffeine in the DNA-PK--deficient cell line M059J alongside its DNA-PK wt counterpart M059K under conditions of replication stress. Exposure of M059K cells to replication stress resulted in the previously observed activation of Chk2 in response to caffeine ([Fig. 5](#fig5){ref-type="fig"}). In contrast, in DNA-PK--deficient cells (M059J), Chk2 was not activated under identical conditions. Together, these data indicate that Chk2 activation in response to replication stress is dependent on DNA-PK and suggest that activation of this pathway may be a consequence of a failure of ATR/ATM signaling.

![**Inhibition of ATR/ATM signaling by caffeine results in a DNA-PK--mediated activation of Chk2.** HeLa, MO59J (DNA-PK^−^), or MO59K (DNA-PK^+^) cells were either untreated (Con) or synchronized in metaphase by treatment with nocodazole for 14 h. Mitotic cells were removed and plated in fresh medium containing APH for 24 h (0 h). Caffeine or buffer was added and cells were incubated for an additional 5 h. Cell lysates were subjected to Chk2 immunoprecipitation kinase assay (top) or immunoblotted with Chk2 antibody (bottom). Chk2 band shifting (pChk2) is indicative of phosphorylation ([@bib13]). Data are expressed as mean ± range for duplicate determinations.](jcb1791385f05){#fig5}

Concentrations of caffeine that inhibit ATR and ATM signaling in vivo are ineffective against DNA-PK ([@bib33]), although LY294002 has been reported to be a selective inhibitor of DNA-PK ([@bib39]). To investigate a role for DNA-PK in the regulation of replication stress--induced histone mRNA decay, we determined the effect of LY294002 on this process. Treatment of cells with 200 μM LY294002, a concentration that blocks DNA-PK function but does not affect ATR or ATM function ([@bib39]), inhibited histone H2B and H3 mRNA decay during the first 30 min after HU addition. As before, the addition of 5 mM caffeine also partially restored histone mRNA stability. Interestingly, the effects of caffeine and LY294002 combined were additive ([Fig. 6 A](#fig6){ref-type="fig"}). Cells exposed to 5 mM caffeine and 200 μM LY294002 together retained close to maximum levels of histone mRNA after a 30-min treatment with HU ([Fig. 6 A](#fig6){ref-type="fig"}). Kinetic analysis showed that, as for wortmannin, either caffeine or LY294002 alone significantly delayed the onset of histone H2B and H3 mRNA decay induced by replication stress ([Fig. 6 B](#fig6){ref-type="fig"}). Treatment with caffeine and LY294002 together completely abolished the rapid initiation of histone mRNA decay normally observed on imposition of replication stress. Decay resumed after ∼30 min in the presence of caffeine alone, LY294002 alone, or caffeine and LY294002 together ([Fig. 6 B](#fig6){ref-type="fig"}). However, even after extended periods of replication stress, the effects of caffeine and LY294002 combined remained additive, with mRNA levels remaining at ∼70% of control values after 1 h, which indicates that these compounds are affecting at least two distinct pathways regulating histone mRNA decay. Given the target specificity of caffeine and LY294002 on PIKK family members, these data strongly implicate DNA-PK in the control of replication stress--induced histone mRNA decay ([Fig. 6 B](#fig6){ref-type="fig"}).

![**DNA-PK is a regulator of histone mRNA stability.** (A) Asynchronous HeLa cells were treated with 5 mM caffeine alone, 200 μM LY294002 alone or 5 mM caffeine and 200 μM LY294002 together or mock treated with DMSO. After 1 h, cells were treated with or without 2 mM HU and RNA was isolated after an additional 30 min for analysis as in [Fig. 1](#fig1){ref-type="fig"}. The graph shows histone mRNA levels in HU-treated cells, with 100% defined as histone mRNA levels in non--HU-treated cells. (B) Asynchronous HeLa cells were treated with 5 mM caffeine alone, 200 μM LY294002 alone, or 5 mM caffeine and 200 μM LY294002 together or mock treated with DMSO. After 1 h, cells were treated with or without 2 mM HU, RNA was isolated at the indicated times, and all samples were analyzed by Northern blotting as in [Fig. 1](#fig1){ref-type="fig"}. Graphs show changes in histone mRNA levels compared with the level at 0 min. (C) M059J (DNA-PK^−^) and M059K (DNA-PK^+^) cells were treated with 5 mM caffeine alone, 200 μM LY294002 alone, or 5 mM caffeine and 200 μM LY294002 together or mock treated with DMSO. After 1 h, cells were treated with or without 2 mM HU and RNA was isolated after a further 1-h incubation and analyzed as in [Fig. 1](#fig1){ref-type="fig"}. The graph shows histone mRNA levels in HU-treated cells compared with histone mRNA levels in non--HU-treated cells.](jcb1791385f06){#fig6}

To establish if histone mRNA decay in response to replication stress is indeed regulated by a DNA-PK--dependent pathway, we tested whether the additive effect of caffeine and LY294002 on inhibiting replication stress--induced histone mRNA decay was dependent on the presence of DNA-PK. We reasoned that if the effect of LY294002 is to potentiate the ability of caffeine to both delay the onset and inhibit the progressive destabilization of histone mRNA via the inhibition of DNA-PK, it follows that in cells lacking a functional DNA-PK signaling pathway, LY294002 would fail to inhibit histone mRNA decay in caffeine-treated cells exposed to replication stress. Therefore, M059J and M059K cells were pretreated with 5 mM caffeine alone, 200 μM LY294002 alone, or 5 mM caffeine and 200 μM LY294002 together or mock treated. All cells were treated with or without 2 mM HU and incubated for 1 h (to maximize the relative contribution of DNA-PK compared with a caffeine-sensitive checkpoint component), and RNA was isolated and analyzed by Northern blotting ([Fig. 6 C](#fig6){ref-type="fig"}). As before, HU induced significant mRNA decay, with 20% of histone H2B or H3 mRNA remaining after 1 h of HU treatment. At this time, the effect of caffeine on the extent of mRNA decay was minimal, as would be expected from the data in [Fig. 6 B](#fig6){ref-type="fig"}. Consistent with a role for DNA-PK in this pathway, LY294002 significantly increased the levels of histone mRNA remaining in M059K cells compared with M059J cells after 1 h of exposure to HU. Importantly, we found that in M059K but not M059J cells, LY294002 dramatically potentiated the effect of caffeine in inhibiting histone mRNA decay in response to replication stress. Combined treatment of M059K cells with LY294002 and caffeine severely reduced the extent of mRNA decay, with ∼70% of mRNA remaining after 1 h of exposure to HU. In comparison, M059J cells showed significantly less sensitivity to combined LY294002 and caffeine treatment ([Fig. 6 C](#fig6){ref-type="fig"}). Collectively, the data in [Fig. 6](#fig6){ref-type="fig"} indicate that DNA-PK plays an important role in regulating histone mRNA stability.

Camptothecin induces single strand nicks that are converted into double-strand breaks during replication. DNA-PK has been implicated in the cellular response to camptothecin- induced lesions ([@bib36]). We therefore investigated whether replication stress induced by camptothecin affected histone mRNA levels and the relative contributions (if any) of caffeine- and LY294002-sensitive pathways to the destabilization of histone message. We found that treatment of cells with 10 μM camptothecin induced a rapid disappearance of the histone message with a time course similar to that observed with HU. LY294002 alone had a significant negative effect on the efficiency of histone mRNA decay. Caffeine had a substantial effect in stabilizing the bulk of histone mRNA over the course of the experiment. Importantly, however, the combination of both caffeine and LY294002 was required to obtain maximal stabilization of histone mRNA (Fig. S2, available at <http://www.jcb.org/cgi/content/full/jcb.200708106/DC1>). These data indicate that in the case of either HU- or camptothecin-induced replication stress, at least two PIKK pathways are involved in histone mRNA decay.

Our data support roles in the regulation of histone mRNA stability for both a caffeine-sensitive pathway, presumably mediated by ATR ([Fig. 1](#fig1){ref-type="fig"}; [@bib20]), and an LY294002-dependent pathway involving DNA-PK ([Fig. 6](#fig6){ref-type="fig"}). To gain further insight into the potential mechanisms by which histone mRNA abundance might be regulated by replication stress--induced signaling, we investigated the role of known downstream components of PIKK signaling pathways. Chk1 is a well-characterized mediator of ATR signaling during replication stress and we show here that Chk2 is a target for DNA-PK-- dependent signaling ([Fig. 5](#fig5){ref-type="fig"}). Interfering with downstream effectors of ATR/ATM signaling abrogates the replication checkpoint controlling origin firing and replisome stability in both CHO ([@bib13]) and HeLa cells (unpublished data). We therefore wished to address whether abrogation of Chk1 and/or Chk2 function interferes with histone mRNA decay during replication stress.

Depletion of Chk1 to very low levels using siRNA ([Fig. 7 A](#fig7){ref-type="fig"}; [@bib32]) had no effect on replication stress--induced histone mRNA decay ([Fig. 7 B](#fig7){ref-type="fig"}, left). In an alternative approach, we used the Chk1 inhibitor UCN-01, which interferes with the replication checkpoint ([@bib13]; unpublished data). Again, kinetics of replication stress--induced histone mRNA decay were largely unaffected by Chk1 inhibition ([Fig. 7 B](#fig7){ref-type="fig"}, right). These data show that Chk1 is not necessary for histone mRNA decay but do not exclude the possibility that it is involved in mediating a component of the caffeine-sensitive element of histone mRNA stability control. As shown here ([Figs. 2](#fig2){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}), it is conceivable that when this pathway is compromised, up-regulation of a DNA-PK--dependent pathway acts to control histone mRNA decay, potentially, though not necessarily, through Chk2. Indeed, Chk1 inhibition with UCN-01, like caffeine ([Fig. 5](#fig5){ref-type="fig"}), results in increased phosphorylation of Chk2 in response to replication stress ([Fig. 7 C](#fig7){ref-type="fig"}). To address this issue directly, we therefore used DLD-1 cells, which lack functional Chk2. Histone mRNA decay in response to replication stress in this cell line was very similar to that observed in all other lines tested, which indicates that Chk2 is not required for this process. Histone mRNA decay was, however, inhibited by 5 mM caffeine for ∼20 min after HU addition before a resumption at a rate approximating that observed in mock-treated cells exposed to HU ([Fig. 7 D](#fig7){ref-type="fig"}), which indicates that the ability of caffeine to interfere with the efficiency of histone mRNA decay was conserved. Histone mRNA decay was largely unaffected by the presence of UCN-01 in these cells, indicating that neither Chk1 nor Chk2 are functionally limiting for replication stress--induced histone mRNA decay. In an alternative approach, we also used the small molecule inhibitor debromohymenialdisine, which has been shown previously to inhibit both Chk1 and 2 in vivo ([@bib9]). The imultaneous inhibition of both kinases did not affect the kinetics of HU-induced histone mRNA (Fig. S3, available at <http://www.jcb.org/cgi/content/full/jcb.200708106/DC1>), confirming that neither Chk1 nor Chk2 activity is functionally limiting for this process.

![**Inhibition of Chk1 function results in increased phosphorylation of Chk2.** Chk1 and 2 are not functionally limiting for the control of replication stress--induced histone mRNA decay. (A) Asynchronous HeLa cells were transfected with siRNA targeting Chk1 or control siRNA 1 (targeting luciferase) or mock transfected. Cell lysates were immunoblotted for Chk1 to confirm knockdown and actin (loading control). (B, left) Asynchronous HeLa cells were transfected with siRNA targeting Chk1, control siRNA 1 (targeting luciferase) or siRNA 2 (targeting a nonrelevant gene) or mock transfected. After 32 h, cells were treated with or without 2 mM HU for 0, 20, and 60 min or left untreated for 60 min and then lysed for RNA analysis. Histone H3 mRNA levels were analyzed as in [Fig. 1](#fig1){ref-type="fig"}. The graph shows changes in H3 mRNA levels compared with the level at 0 min. (B, right) Asynchronous HeLa cells were incubated with or without 300 nM of Chk1-selective inhibitor UCN-01. 1 h later, cells were incubated with or without 2 mM HU for the indicated times and lysed for RNA analysis as before. The graph shows changes in histone mRNA levels compared with the level at 0 min. (C) HeLa cells were synchronized in metaphase by treatment with nocodazole for 14 h and then released. After 14 h, cells were treated with or without 300 nM UCN-01 for 1 h, then 2 mM HU was added for a further 2 h. Cell lysates were immunoblotted with a phosphospecific Chk2 antibody (top) and a total anti-Chk2 antibody (bottom). (D) Asynchronous DLD-1 cells were incubated with or without 300 nM of Chk1-selective inhibitor UCN-01 or with or without caffeine. 1 h later, cells were incubated with or without 2 mM HU for the indicated times and lysed for RNA analysis as before. The graphs show changes in histone mRNA levels compared with the level at 0 min.](jcb1791385f07){#fig7}

To address the possibility that components required for the efficient stabilization of histone mRNA are direct targets of PIKKs involved in sensing replication-induced stress, we took advantage of the availability of phosphospecific antibodies that recognize the substrate specificity motif (SQ and TQ) shared by PIKKs ([@bib29]). HBP/SLBP is necessary for histone mRNA expression, is a rate-limiting component for histone pre-mRNA processing in cycling cells, and is known to be regulated by phosphorylation ([@bib45]; [@bib44]). UPF1, an RNA helicase involved in degradation of nonsense mRNAs and in mRNA stability control ([@bib21]), has recently been implicated in the regulation of histone mRNA decay ([@bib20]). UPF1 and HBP/SLBP both contain multiple S/TQ sites, which are substrate recognition motifs common to both ATR/ATM and DNA-PK ([@bib16]). Immunoblotting of UPF1 immunoprecipitates from HU- and mock-treated cell lysates indicated that phosphorylation of UPF1 at S/T-Q sites increased significantly in response to replication stress ([Fig. 8 A](#fig8){ref-type="fig"}). In contrast, no change in phospho-S/TQ immunoreactivity was observed either in whole cell lysates (not depicted) or HBP/SLBP immuno-precipitates from mock and HU-treated cells ([Fig. 8 B](#fig8){ref-type="fig"}).

![**Replication stress results in increased phosphorylation of UPF1 but not HBP/SLBP on PIKK substrate motifs.** Asynchronous HeLa cells were incubated with or without 2 mM HU for 16 h. (A) Cell lysates were subjected to immunoprecipitation using goat anti-UPF1 antibodies or IgG control, and immunoprecipitates were treated with AP or buffer before SDS-PAGE and immunoblotting with anti--phospho-S/TQ (top) and anti-UPF1 antibodies (bottom). (B) Cell lysates were subjected to immunoprecipitation using anti-HBP antisera and immunoprecipitates were immunoblotted with anti--phospho-S/TQ (top) and anti-HBP antiserum (bottom).](jcb1791385f08){#fig8}

Discussion
==========

A key mechanism in regulating the delivery of histone protein to newly synthesized DNA occurs via control of histone mRNA transcription and degradation ([@bib35]; [@bib25]). In this paper, we provide evidence that at least two distinct PIKK signaling pathways participate in a checkpoint coupling DNA replication with histone mRNA abundance. Using caffeine and LY294002, selective inhibitors of distinct PIKKs, together with siRNA-mediated knockdown and cell lines lacking relevant gene products, we demonstrate a novel role for DNA-PK in the efficient destabilization of histone mRNA during replication stress. In addition to replicational slowing and fork arrest induced by HU, we find that another genotoxic stress, camptothecin, which induces lesions converted into double-strand breaks during replication, also causes efficient histone mRNA destabilization that could be completely blocked by inhibition using caffeine and LY294002 and, by implication, both ATR/ATM and DNA-PK signaling. These data indicate that both pathways contribute to the efficient regulation of histone abundance. However, it is possible that, depending on the genotoxic agent used, ATR/ATM and DNA-PK may not always be fully redundant with each other for histone mRNA down-regulation.

In contrast to the G1 checkpoint that blocks histone mRNA expression ([@bib34]), checkpoint components downstream of PIKKs are not required for regulating histone mRNA abundance during replication stress. We show that UPF1 but not HBP/SLBP is a direct target of replication stress-- induced PIKK signaling, which suggests a potential mechanism by which coupling of DNA replication with histone mRNA abundance may operate.

Exposure of cells to replication stress induces histone mRNA decay via a currently poorly understood pathway. The occurrence of replication stress arising from the presence of DNA damage results in a variety of checkpoint responses, which include suppression of new DNA synthesis via inhibition of replication origin firing, stabilization of slowed or arrested replication forks, and activation of DNA repair pathways to enable subsequent replication restart at stalled replication forks ([@bib1]; [@bib23]). Homologous recombination repair and NHEJ pathways both operate on lesions associated with arrested or collapsed replication forks to effect replication restart ([Fig. 9](#fig9){ref-type="fig"}; [@bib2]; [@bib23]). In eukaryotes, homologous recombination repair requires the activation of ATR/ATM and the downstream effector Chk1 ([@bib38]), whereas NHEJ requires the activity of the related PIKK DNA-PK. NHEJ is required for replication restart at forks where a DNA double-strand break has been generated but appears to be inessential for repair associated with slowed or arrested replication forks ([@bib23]). Such observations suggest that the extent of NHEJ in vivo may be linked to the efficiency of ATR signaling. Limitations of ATR signaling will result in higher levels of fork collapse ([@bib11]), resulting in activation of DNA-PK and consequent NHEJ.

![**Model for the coordination of DNA replication and histone production in mammalian cells.** Exposure of cells to replication stress induces histone mRNA decay via a currently poorly understood pathway (top right arrow). Replication stress results in stabilization of slowed or stalled replication forks via a pathway involving ATR and Chk1 (top left arrow). Replication restart from stalled replication forks occurs predominantly via a pathway involving homologous recombination. At some frequency, replication forks either encounter complex DNA damage or fail to be stabilized by the ATR--Chk1 pathway, which results in replication fork collapse, generating DNA double-strand breaks. These may be repaired either via ATM-dependent homologous recombination--induced replication restart or via NHEJ mediated by DNA-PK. Failure of ATR signaling (such as occurs in the presence of caffeine) will result in higher levels of fork collapse, generating an increased level of substrate for DNA-PK--mediated NHEJ. Coordinated regulation of histone mRNA decay by both ATR/ATM and DNA-PK during replication stress ensures that, irrespective of the extent to which each pathway operates in any given circumstance, the supply of histones will remain closely coupled to the demand required for the assembly of newly synthesized chromosomes. The RNA helicase UPF1 involved in histone mRNA decay ([@bib20]) may act as an effector of ATR/DNA-PK signaling and induce histone mRNA decay. Upon relief from replication stress, histone mRNA stability is restored to normal levels presumably by a mechanism linked to the restart of replication forks and involving changes in UPF1 phosphorylation.](jcb1791385f09){#fig9}

Our data support a model in which coordinate regulation of replication-dependent histone mRNA levels with DNA replication requires DNA-PK in addition to a caffeine-sensitive pathway (presumably mediated by ATR or ATM; [Fig. 9](#fig9){ref-type="fig"}). In vivo, the relative contribution from each signaling arm would be based on the nature of the DNA lesion generating replication stress and thus the relevant replication restart pathway. In these experiments, we have used caffeine to investigate and identify novel components of this checkpoint response by deliberately interfering with the efficiency of the ATR pathway and thus revealing the contribution of DNA-PK to the regulation of histone message abundance.

Caffeine, at concentrations believed to selectively and rapidly inhibit ATR/ATM, which blocked Chk1 phosphorylation and abrogated the origin firing checkpoint ([Fig. 1 A](#fig1){ref-type="fig"}), did partially affect histone mRNA decay in response to replication stress, supporting a role for ATR/ATM in this process. Maximal inhibition, however, required significantly higher caffeine concentrations well in excess of those required to interfere with predicted ATR/ATM-mediated checkpoint responses ([@bib16]; [@bib33]). This observation is consistent with the fact that all PIKK family members share a related kinase domain and those tested exhibit some sensitivity to inhibition by this xanthine alkaloid ([@bib33]). Importantly, low doses of caffeine or UCN-01, which affect replisome stability via inhibition of ATR--Chk1 signaling resulting in replication fork collapse ([@bib11]; [@bib13]), gave rise to elevated Chk2 phosphorylation that was dependent on the presence of active DNA-PK. Such data support the hypothesis that failure of, or interference with, ATR/ATM-dependent pathways results in elevated signaling through DNA-PK.

Consistent with this model, overexpression of kd-ATR or significant ablation of ATR function by siRNA either in wt or ATM null cells, which are experimental approaches in which cycling cells are exposed for prolonged periods to suboptimal levels of a functional checkpoint protein, had little or no effect on the efficiency of histone mRNA decay ([Fig. 2](#fig2){ref-type="fig"}). This was presumably because in such circumstances the elevated levels of resultant fork collapse result in increased NHEJ activity and thus activation of a DNA-PK--mediated mechanism.

Expression of a dominant-negative form of ATR at levels sufficient to efficiently block the phosphorylation and activation of a known substrate (Chk1) had no effect on replication stress--induced mRNA decay. Although this might be expected, it does contrast with results obtained with these cells elsewhere ([@bib20]) in which overexpression of a kd form of ATR did affect the efficiency though not necessarily the overall extent of histone mRNA decay. Although reasons for this discrepancy are unknown, one possibility concerns differences in the extent of kd-ATR overexpression. [@bib46] have suggested, given the relatedness between PIKKs, that overexpression of kd alleles of specific PIKKs might result in interference with other PIKK-dependent pathways. Here, overexpression of kd-ATR was optimized to block phosphorylation of Chk1. It is conceivable that a different overexpression protocol ([@bib20]) may result in interference not only with ATR-mediated events but functions associated with other PIKKs also. Importantly, the data presented here do not exclude a role for ATR signaling in the regulation of histone mRNA decay but indicate that, in the cell types analyzed here, ATR is not functionally limiting for this process.

These data together with other published observations ([@bib20]) strongly implicate PIKKs in an S phase checkpoint controlling the efficiency of histone mRNA decay in response to replication stress. Screening experiments using a broad range of small molecule inhibitors indicate that complete uncoupling of histone mRNA decay from replication stress may be achieved, and preliminary data indicate that active compounds do not directly target known checkpoint components (unpublished data). As suggested previously ([@bib7]), cells lacking known checkpoint signaling function nonetheless may develop residual checkpoint responses for critical cellular pathways that may well involve further key signaling molecules in addition to ATR and DNA-PK. The linkage between replication and histone decay may be such a critical pathway.

UPF1 is predominantly associated with polyribosomes when hyperphosphorylated by hSMG1 ([@bib42]) and histone mRNA decay is believed to be a cytoplasmic event, which suggests that checkpoint activation of histone mRNA decay might involve relaying a checkpoint signal emanating from arrested replication forks into the cytoplasm. Unlike their upstream activators (DNA-PK, ATR, and ATM), whose activation is dependent on their physical association with the originating DNA lesion, Chk1 and 2 are believed to relay checkpoint signals to cellular targets removed from the site of damage. However, in contrast to multiple other checkpoint signaling pathways, blocking Chk1 and 2 signaling had no effect on histone mRNA decay during replication stress.

Hyperphosphorylated UPF1 has, however, been found associated with chromatin, and this association increases in response to DNA damage ([@bib3]). Additionally, cells overexpressing HBP/SLBP show elevated levels of associated UPF after replication stress ([@bib20]). Conceivably, direct phosphorylation of these components by PIKK family members such as ATR and DNA-PK may play a role in coordinating DNA replication and histone mRNA levels. Consistent with this notion, S/TQ phosphorylation increased in UPF1 though not HBP/SLBP during replication stress. These data together with previously published results ([@bib20]) suggest a model in which elevated phosphorylation of UPF1 mediated by replication stress--induced PIKKs results in increased affinity of HBP/SLBP for UPF1 (either directly or indirectly), which in turn promotes the efficient destabilization of histone mRNA. Whatever the molecular details underpinning the coordination of replication with histone mRNA levels, it is likely that, in addition to UPF1 and PIKKs, other components are required to transduce signals emanating from DNA lesions in the nucleus to decay machinery residing in the cytoplasm. Future work will focus on establishing how this may be achieved.

Materials and methods
=====================

Cell lines and culture conditions
---------------------------------

HeLa ([@bib13]), ataxia telangiectasia (AT) fibroblasts ([@bib47]), DLD-1 ([@bib5]), and U2OS cells ([@bib27]) were grown as described previously. Induction of ATR expression in U2OS cells was done by incubation with 1.5 μg/ml doxycycline for 3 d. DNA-PK--deficient (M059J) and --proficient cells (M059K) were grown in DME or F-12/DME medium supplemented with 10% (vol/vol) FCS, 100 U/ml penicillin, and 100 μg/ml streptomycin. Unless stated otherwise, experiments were performed with asynchronous cells. Synchronized cells were arrested in metaphase by adding 40 ng/ml nocodazole (EMD) for 12--14 h. Mitotic cells were harvested by shake-off, collected by centrifugation, washed three times with PBS, and released into fresh medium.

Drug treatment
--------------

Caffeine (Sigma-Aldrich) was used, unless stated otherwise, at a final concentration of 5 mM; HU (Sigma-Aldrich) was used at 2 mM; APH (Sigma-Aldrich) at 50 μg/ml; and UCN-01 (National Cancer Institute) at 300 nM. Wortmannin and LY294002 (EMD) were used at the indicated concentrations. HU and APH were used in different experiments to induce replication stress. No differences were observed in the timing or magnitude of checkpoint responses in response to either agent.

RNA analysis
------------

Total RNA was prepared using Trizol (Invitrogen) and analyzed by Northern blotting as described previously ([@bib44]). Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA for probing Northern blots spanned nucleotides 2,041--3,239 of the open reading and was PCR amplified from genomic DNA. RNAs were visualized by autoradiography or with a phosphorimager (FLA3000; Fujifilm). The Aida 2.0 software 2D quantification tool (Raytest GmbH) was used for quantitation.

Cell lysates, immunoprecipitation, blotting, and kinase assays
--------------------------------------------------------------

Cell lysates for Chk1 and 2 activity, immunoprecipitation, phosphatase treatment, SDS-PAGE, and blotting were performed as described previously ([@bib13]). Chk1 and 2 antibodies were generated as described previously ([@bib13]) and used at 1 μg/ml. Rabbit polyclonal anti--phospho-Chk1 (Ser345), anti--phospho-Chk2 (Thr68), anti--phospho- S/TQ (Cell Signaling Technology), and rabbit anti-ATR (EMD) were used at 1:2,000. Monoclonal anti-actin (Sigma-Aldrich) and anti-nucleolin (Santa Cruz Biotechnology, Inc.) were used at 1:1,000. HRP-conjugated anti--rabbit (Sigma-Aldrich) and anti--mouse antibodies (Sigma-Aldrich) were used at 1:5,000. Rabbit anti-HBP ([@bib44]), rabbit anti-UPF1 (provided by N. Gehring \[University of Heidelberg, Heidelberg, Germany\] and M. Hentze \[European Molecular Biology Laboratory, Heidelberg, Germany\]), and goat anti-UPF1 (Bethyl Laboratories, Inc.) were used as described previously ([@bib13]). AP was used at 10 U/μl for 1 h.

RNAi
----

RNAi was performed using ATR siRNA (target sequence AACCTCCGTGATGTTGCTTGA), Chk1 siRNA (target sequence AAGAAGCAGTCGCAGTGAAGA), control siRNA 1 targeting luciferase, and control siRNA 2 targeting an unrelated gene TAPP1 (target sequence GGTCAAGCCAGGGAACTTC) from Thermo Fisher Scientific. Cells were transfected with siRNA using oligofectamine (Invitrogen) according to the manufacturer\'s instructions. 48 h after transfection (unless otherwise stated), cells were treated with HU for the indicated times and RNA or protein samples were prepared.

Assay to monitor S phase progression
------------------------------------

Asynchronous HeLa cells were pulsed with 30 μM CldU for 20 min, washed with PBS, and subsequently incubated for increasing lengths of time (typically 6, 12, or 16 h) either in the absence of drugs (mock treatment), in the presence of 50 μg/ml APH alone, or in the presence of both APH and 5 mM caffeine. Cells were then washed free of drugs with PBS and pulsed with 30 μM IdU for 20 min. Differential staining of DNA sites substituted with halogenated derivatives of dU was performed essentially as described previously ([@bib13]) and \>200 cells were scored for each data point. Images were acquired on a laser scanning confocal microscope (TCS SP1; Leica) using a Plan Apochromat 100× NA 1.4 oil-immersion objective (HCX). FITC and Texas red fluorescence was generated using the 488-nm line of the Ar laser and the 568-nm line of the Kr laser, respectively. Images were acquired using confocal software 2.61 (Leica) and assembled using Photoshop 7.0.1 (Adobe).

Online supplemental material
----------------------------

Fig. S1 shows that histone mRNA decay occurs normally in AT cells treated with ATR siRNA. Fig. S2 shows the effects of caffeine and LY294002 on camptothecin-induced histone mRNA decay. Fig. S3 shows that inhibition of Chk1 and 2 kinases using the broad-spectrum checkpoint kinase inhibitor debromohymenialdisine does not affect histone mRNA decay. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200708106/DC1>.
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